Bacterial metabolism of polysaccharides from plant detritus into acids and solvents is an essential component of the terrestrial carbon cycle. Understanding the underlying metabolic pathways can also contribute to improved production of biofuels. Using a metabolomics approach involving liquid chromatography-mass spectrometry, we investigated the metabolism of mixtures of the cellulosic hexose sugar (glucose) and hemicellulosic pentose sugars (xylose and arabinose) in the anaerobic soil bacterium Clostridium acetobutylicum. Simultaneous feeding of stable isotope-labeled glucose and unlabeled xylose or arabinose revealed that, as expected, glucose was preferentially used as the carbon source. Assimilated pentose sugars accumulated in pentose phosphate pathway (PPP) intermediates with minimal flux into glycolysis. Simultaneous feeding of xylose and arabinose revealed an unexpected hierarchy among the pentose sugars, with arabinose utilized preferentially over xylose. The phosphoketolase pathway (PKP) provides an alternative route of pentose catabolism in C. acetobutylicum that directly converts xylulose-5-phosphate into acetyl-phosphate and glyceraldehyde-3-phosphate, bypassing most of the PPP. When feeding the mixture of pentose sugars, the labeling patterns of lower glycolytic intermediates indicated more flux through the PKP than through the PPP and upper glycolysis, and this was confirmed by quantitative flux modeling. Consistent with direct acetyl-phosphate production from the PKP, growth on the pentose mixture resulted in enhanced acetate excretion. Taken collectively, these findings reveal two hierarchies in clostridial pentose metabolism: xylose is subordinate to arabinose, and the PPP is used less than the PKP.
C
lostridium is a genus of ubiquitous soil-dwelling obligate anaerobic bacteria that play an important role in the terrestrial carbon cycle. These bacteria ferment polysaccharides from plant detritus, including sugars from cellulose and hemicellulose, into acids and solvents (1) (2) (3) (4) (5) . The model organism Clostridium acetobutylicum and other Clostridium species are of considerable commercial interest because of their ability to produce hydrogen gas, acetone, butanol, and ethanol from lignocellulosic components (6) (7) (8) . Elucidating the metabolic pathways and regulatory mechanisms controlling polysaccharide metabolism is a critical step toward understanding anaerobic plant matter degradation in soils and harnessing this pathway for industrial-scale biofuel production (9) .
The most common polysaccharides in plant detritus are cellulose and hemicellulose. Cellulose is a polymer of glucose (Gluc), whereas hemicellulose, the second most abundant component of plant cell walls, is composed primarily of the pentose sugars xylose (Xyl) and arabinose (Arab) (Fig. 1A) (9) . Efficient utilization of plant biomass thus requires the metabolism of both hexose and pentose sugars. In C. acetobutylicum, Gluc is metabolized via glycolysis to supply energy requirements and carbon demands from the nonoxidative pentose phosphate pathway (PPP), amino acid biosynthesis, acidogenic and solventogenic pathways, and the tricarboxylic acid cycle (Fig. 1B) (10) (11) (12) . Historically, it was assumed that carbons from Xyl and Arab pass from the PPP through glycolysis to supply acidogenesis and solventogenesis. However, two recent studies (5, 13) reported that acids and solvents can be produced from these sugars from a glycolysis-independent pathway, the phosphoketolase pathway (PKP) (Fig. 1B) . The PKP involves cleavage of xylulose-5-phosphate (Xu5P) into glyceraldehyde-3-phosphate (GAP) and acetyl-phosphate (Ac-P) and, to a lesser extent, cleavage of fructose-6-phosphate (F6P) into erythrose-4-phosphate (E4P) and Ac-P (Fig. 1B) (5, 13) . The metabolite Ac-P is a direct precursor to either acetate or acetyl coenzyme A (acetyl-CoA), which are both involved in clostridial production of acids and solvents (Fig. 1B) . Using 13 C metabolic flux analysis, Liu et al. (13) calculated that Xyl catabolic flux through the PKP in C. acetobutylicum increases with increasing Xyl concentration. Furthermore, due to both higher ratios of excreted acetate and a more than 100-fold increase in the mRNA expression of the phosphoketolase enzyme in the presence of Arab, Servinsky et al. (5) proposed that the PKP is more significant when the cells are grown with Arab as the C source than with either Gluc or Xyl. However, the significance of this pathway in the metabolism of sugar mixtures was not elucidated.
Previous reports imply that metabolic regulation may control the differential utilization of hexose versus pentose sugars. Although C. acetobutylicum can metabolize either Gluc or Xyl individually, Xyl metabolism is severely inhibited when Gluc is available (14) (15) (16) (17) . The overexpression of an Escherichia coli transaldolase-encoding gene, talA, in C. acetobutylicum increased Xyl utilization when the pentose sugar was the sole source of car-bon (18) ; the transaldolase reaction mediates the formation of E4P and F6P, a glycolytic intermediate, by combining two PPP intermediates, GAP and sedoheptulose-7-phosphate (S7P) (Fig.  1B) . However, in mixtures of Gluc and Xyl in solution (Gluc:Xyl), the overexpressed strain still exhibited low Xyl consumption (18) . These observations suggest a regulatory mechanism that enables Gluc-mediated repression of Xyl metabolism (18) . In contrast, it was shown recently that a new Clostridium strain (BOH3) was capable of utilizing Gluc and Xyl simultaneously (19) . This capability was attributed to the lack of significant repression of Xyl isomerase and xylulose kinase in this strain in the presence of Gluc (19) . On the other hand, in C. acetobutylicum, Grimmler et al. (15) reported that the expression of enzymes involved in Xyl metabolism in the PPP (Xyl transporter, xylulose kinase, transketolase, and transaldolase) was downregulated in the presence of Gluc. Disrupting the gene encoding Ccpa, a key protein shown to be involved in Gluc-mediated repression of the utilization of other carbon sources in Bacillus species (20) (21) (22) , has led to improved mixed-sugar utilization by C. acetobutylicum (5) . Similarly, disrupting glcG, which encodes part of the Gluc phosphoenolpyruvate-dependent phosphotransferase system for Gluc uptake, resulted in upregulation of genes involved in Xyl and Arab catabolism and thus improved pentose utilization in media containing mixtures of Gluc and pentose sugars (23) .
These previous findings thus indicated that C. acetobutylicum metabolizes hexose sugars preferentially over pentose sugars and, to circumvent catabolite repression by Gluc in mixtures, increase in PPP enzymes, increase in pentose uptake enzymes, and/or decrease in Gluc-mediated signaling was necessary. The metabolic fate of carbons from mixed-sugar sources has, however, not been determined. Recent advances in liquid chromatography-mass spectrometry (LC-MS) and nuclear magnetic resonance (NMR) spectroscopy have made metabolomics a powerful approach for investigating the activity and regulation of complex metabolic networks (10, 11, 24-28, 30, 43) . In the present study, we employed a metabolomics approach and a quantitative metabolic flux analysis (MFA) to investigate the hierarchy in the utilization of hemicellulosic pentose sugars by C. acetobutylicum in the presence and absence of Gluc. In addition to a preference for glucose over pentose sugars for feeding pathways other than the PPP, we find a preference for arabinose over xylose. Moreover, we show that the PKP is used preferentially over the PPP in catabolizing the acetobutylicum showing the point of entry of the different sugars and the major catabolic pathways in black, including glycolysis, the pentose phosphate pathway, and the phosphoketolase pathway, with the anabolic pathways toward biomass production shown in blue. Glucose-6-phosphate, G6P; fructose-6-phosphate, F6P; fructose-1,6-bisphosphate, FBP; dihydroxyacetone-phosphate, DHAP; glyceraldehyde-3-phosphate, GAP; xylulose-5-phosphate, Xu5P; ribose-5-phosphate, R5P; sedoheptulose-7-phosphate, S7P; erythrose-4-phosphate, E4P; acetyl-P, Ac-P; IMP; UMP; 1,3-bisphosphoglycerate, 1,3-BisPG; 3-phosphoglycerate, 3-PG; 2-phosphoglycerate, 2-PG; phosphoenolpyruvate, PEP; pyruvate, Pyr; acetyl-CoA, Ac-CoA; acetoacetyl-CoA, AcetoAc-CoA; butyryl-CoA, Butyr-CoA; and amino acids are shown as their 3-letter codes.
pentose sugars. Our findings provide insights into the metabolic fate of different sugar substrates, which may provide a foundation toward enhancing clostridial biofuel production from sugar mixtures.
MATERIALS AND METHODS

Materials.
Freeze-dried cultures of C. acetobutylicum (strain 824) were obtained from ATCC. Isotopically labeled compounds were purchased from Cambridge Isotopes or Omicron Biochemicals; all other chemicals were obtained from Fisher or Sigma-Aldrich (analytical grade). All experiments were conducted inside a Bactron IV SHEL LAB anaerobic chamber, with an atmosphere of 90% N 2 , 5% H 2 , and 5% CO 2 . An oxygen sensor inside the chamber constantly monitored the O 2 level to ensure anaerobic conditions were maintained.
Growth conditions. To prepare for the batch growth experiments, C. acetobutylicum single colonies were picked from agar-solidified reinforced clostridial medium (RCM; Difco), resuspended in substrate-rich RCM medium, and heat-treated at 80°C for 20 min. All subsequent growth was conducted in the anaerobic environmental chamber (see above) at 37°C. Cells were grown to saturation overnight in the rich medium before inoculation (1:100 dilution) in a liquid minimal medium at an initial optical density at 600 nm (OD 600 ) of 0.05. When this liquid culture reached mid-exponential phase (OD 600 of 0.5 to 0.8), it was used to reinoculate (1:10) a fresh minimal medium (100 ml) used to conduct the experiments in a 250-ml Erlenmeyer flask. The minimal medium consists of a previous recipe (27) Ϫ1 (e.g., for a six-carbon sugar, 55.5 mmol liter Ϫ1 or 10 g liter Ϫ1 Gluc). We performed experiments with Gluc, Gluc: Xyl, Gluc:Arab, and Xyl:Arab with equal molar amounts of C of each sugar. To monitor the differential incorporation of assimilated sugars into intracellular metabolites of glycolysis and PPP, long-term isotopic enrichment was achieved by growing C. acetobutylicum for at least 4 h during exponential growth in minimal medium with the following substrates: [U- 13 C 6 ]Gluc alone and with unlabeled Arab or unlabeled Xyl, and [1,2-13 C 2 ]Xyl alone and with unlabeled Arab. As the labeling halftime of the measured metabolites is less than 30 min (11), 4 h constitutes at least 8 labeling half-times, and accordingly these long-term isotopic enrichment measurements approximate steady-state labeling.
Measurements of sugars and metabolites. For the quantitation of sugar and fermentation products (i.e., butyrate, acetate, butanol, acetone, and ethanol) in the extracellular medium, we harvested medium samples throughout the growth of C. acetobutylicum under each condition by filtering an aliquot (2 ml) of the culture through nylon filters (0.22-m pore size) and storing the filtrate at Ϫ80°C until NMR analysis. NMR samples were prepared in 10% D 2 O with 500 M NaN 3 as an antimicrobial agent and 500 M DSS (2,2-dimethyl-2-silapentane-5-sulfonate) as a chemical shift reference compound. Medium components were identified and quantified by one-dimensional 1 H NMR spectroscopy. Water signals were suppressed with excitation sculpting (32) , and spectra were acquired in 4 transients, with a 1-s recycle delay and a 4-s acquisition. Spectra were zero-filled, Fourier-transformed with line broadening of 1 Hz, and phased in TopSpin. Metabolites were identified and quantified using the rNMR software package following established methods (33) . Metabolite standards were used to identify diagnostic resonances for each compound and to calibrate concentration versus NMR intensity curves. The depletion of sugar in the extracellular medium was taken to equate the sugar consumption as done previously (10) . Kinetic isotopic corporation of labeled substrates confirmed that this assumption was valid (see Fig. S1 in the supplemental material).
To characterize the intracellular metabolome, cells from 3 ml of exponentially growing cultures were collected on nylon filters (0.45-m pore size), and metabolites were extracted from the cells by immediately submerging filters in 2 ml of Ϫ20°C acetonitrile-methanol-water (40:40:20) (34, 46) . Extracts were centrifuged and the supernatant solutions were analyzed by reverse-phase high-performance liquid chromatography (HPLC) mass spectrometry (MS). Data were collected in negative mode on a Thermo Exactive mass spectrometer following established methods (35, 36) . Intracellular metabolites and the multiple isotopologues produced by the 13 C-labeling experiments were identified and quantified using the MAVEN software package (37, 38) . The intracellular levels were blank-subtracted using blank samples, which were obtained by filtering the cells out and running the cell-free extracellular medium through the same extraction procedure described above before the LC-MS measurements.
Metabolic flux analysis. Flux distributions under different sugar media were calculated from the following steady-state 13 C-labeling experiments: [ We constructed a carbon mapping model to calculate the fluxes through PKP, PPP, and upper glycolysis from the labeling patterns of ribose-5-phosphate (R5P), Xu5P, glucose-6-phosphate (G6P), fructose-1,6-bisphosphate (FBP), dihydroxyacetone-phosphate (DHAP), and 3-phosphoglycerate (3-PG) (see Fig. S2 in the supplemental material). In each experiment, sugar uptake rates were measured using NMR analysis on growth media, and growth rate was used to calculate biomass effluxes from upper glycolysis and the PPP (39, 45) . We applied the 13CFLUX2 (http://www.13cflux.net) package (40) to obtain initial flux results as well as to generate cumulative isotopomer networks for further optimization followed by 95% confidence interval estimation as previously described (41) . Fluxes were fit to networks, including or lacking one or both of the reactions of the PKP. Comparisons of the match between the estimated labeling data and the measured labeling data are illustrated in Fig. S3 and S4 in the supplemental material.
RESULTS AND DISCUSSION
Growth phenotype and sugar consumption. C. acetobutylicum cells grown on Gluc, Gluc:Xyl, Gluc:Arab, and Xyl:Arab showed a doubling time of about 2 to 2.5 h (1.80 Ϯ 0.08, 2.29 Ϯ 0.08, 2.22 Ϯ 0.09 h, and 2.49 Ϯ 0.09, respectively) ( Fig. 2A) . Thus, a mixture consisting only of pentose sugars was sufficient to promote growth at a rate only slightly slower than growth on glucose. As expected, in the growth medium containing both Gluc and a pentose, the kinetics of the substrate depletion indicated a clear preference for Gluc (Fig. 2B) . In the presence of Gluc and Xyl, there was no appreciable depletion of Xyl in the medium, but the Gluc consumption rate (34.4 Ϯ 2.9 mmol C liter Ϫ1 h Ϫ1 ) was indistinguishable from the uptake rate of Gluc as the sole C source (39.9 Ϯ 5.3 mmol C liter Ϫ1 h Ϫ1 ) (Fig. 2B ). In the presence of Gluc and Arab, the sum of an appreciable, though small, uptake rate of Arab (5.7 Ϯ 1.3 mmol C liter Ϫ1 h Ϫ1 ) and the Gluc uptake rate (27.6 Ϯ 3.0 mmol C liter Ϫ1 h Ϫ1 ) approximately equaled the uptake rate of Gluc when the hexose was the only C source (Fig.  2B ). This finding implied that the assimilation of carbon from both Gluc and Arab fulfilled the carbon budget requirement of the cells grown on the Gluc:Arab mixture. When the cells were grown on both Xyl and Arab, there was minimal consumption of Xyl, and the uptake rate of Arab (22.0 Ϯ 1.9 mmol C liter Ϫ1 h Ϫ1 ) was the same as the uptake rate during growth with Arab alone (23.5 Ϯ 1.6 mmol liter Ϫ1 h Ϫ1 ) ( Fig. 2B ; see also Fig. S5 in the supplemental material), indicating a preference for Arab over Xyl. In summary, these data show that Gluc is utilized from the growth medium preferentially over the pentose sugars and that Arab is utilized preferentially over Xyl.
Hierarchical intracellular metabolism. In order to probe the link between the preferential consumption of the sugars and their metabolic fates, we investigated the assimilation of the different sugars into intracellular metabolites ( Fig. 3 and 4) . First, we monitored the incorporation of [U- 13 C 6 ]Gluc in the absence (as a control) and in the presence of unlabeled Xyl or unlabeled Arab (Fig.  3A) . In both Gluc:Xyl and Gluc:Arab mixtures, Xu5P and R5P (PPP intermediates just downstream of the pentose transport step) were 60% to 80% unlabeled, indicating both transport and initial assimilation of these pentose sugars despite the presence of Gluc (Fig. 3A) . We also observed that S7P, another PPP intermediate further downstream, was 46% to 60% unlabeled, confirming assimilation of Xyl and Arab through the PPP in the presence of Gluc (Fig. 2A) . However, isotopic enrichments of G6P and FBP (upper glycolytic intermediates) were the same as those measured with Gluc alone (Fig. 3A) . Similarly, very little pentose-derived carbon was observed in 3-PG, a lower glycolytic intermediate (Fig. 3A) . Identical conclusions can be made when the labeling of the substrates were reversed, i.e., unlabeled Gluc with labeled pentoses ( Fig. 3B and C) . In these labeling experiments, the PPP intermediates were mainly labeled whereas both upper and lower glycolytic metabolites were mostly nonlabeled, further confirming the accumulation of the assimilated (unlabeled) pentoses primarily in PPP (Fig. 3B and C) . These labeling patterns thus demonstrate that there was minimal to no flux of the assimilated pentoses in PPP toward glycolysis (Fig. 3A) . Accordingly, the lack of apparent Xyl consumption as illustrated in Fig. 2B may be because the rate of its extracellular depletion was so low and not detectable by the NMR technique.
In agreement with the labeling patterns, the intracellular metabolome of C. acetobutylicum cells grown on the Gluc:pentose mixtures had an accumulation in PPP metabolites ( Fig. 5A and B) . However, compared to the PPP metabolites, the concentrations of the glycolytic metabolites did not change coherently (Fig. 5A) . Thus, the glycolytic compounds do not cluster together. The upper glycolytic intermediates (G6P, F6P, FBP) measured during growth on Gluc:pentose mixtures were comparable to those measured under Gluc alone, whereas concentrations of the lower glycolytic metabolites (3-PG, DHAP, phosphoenolpyruvate [PEP]) differed for the Gluc:pentose mixtures (Fig. 5C ). For Gluc:Xyl growth, 3-PG was the same as during Gluc growth but the lower glycolytic metabolites DHAP and PEP were less; on the other hand, for Gluc:Arab growth, the level of 3-PG was elevated while the PEP level was less, compared to that for Gluc alone (Fig. 5C ).
To probe further the aforementioned preferential utilization of Arab over Xyl, we monitored the incorporation of [1,2-13 C 2 ]Xyl in the absence (as a control) and presence of unlabeled Arab (Fig.  4A) ; reverse labeling experiments with unlabeled Xyl and labeled arabinose ([1-13 C 1 ]Arab) were also conducted (Fig. 4B ). Both labeled and unlabeled forms of PPP and glycolytic intermediates indicated that both Xyl and Arab are incorporated in the intracellular metabolites (Fig. 4) . The relatively low levels of isotopic enrichment in the presence of labeled xylose and unlabeled arabinose (20% labeling in the PPP intermediates Xu5P, R5P, and S7P) confirmed a preferential utilization of Arab over Xyl (Fig. 4A) ; this was further confirmed by the relatively high levels of isotopic enrichment in the presence of unlabeled xylose and labeled arabinose (Fig. 4B) . The intracellular metabolome during growth on Xyl:Arab indicated an accumulation in PPP intermediates and depletion in glycolytic metabolites, compared to those for growth on Gluc alone (Fig. 5) . Most interestingly, the relatively higher intracellular level of Ac-P in the presence of the pentose sugars suggests involvement of the PKP in metabolism of the pentosecontaining sugar mixtures (Fig. 5B) .
The main PKP reaction (shown as pk1 in Fig. 6 ) involves the phosphorylation of the first two carbons of Xu5P to produce Ac-P, with the last three carbons forming GAP. In the steady-state labeling experiments with [1-13 C 1 ]arabinose with either unlabeled glucose or unlabeled xylose, there was an enrichment in singly labeled forms (about 80%) on Xu5P (which is primarily the result of the assimilated Arab) compared to that of the nonlabeled forms (about 80%) of triose phosphates (DHAP, GAP, 3-PG) (Fig. 6A  and B) . Therefore, we expect that Ac-P would be largely nonlabeled in the absence of PKP, in which case Ac-P would be derived only from lower glycolysis. However, we measured about 50% (or more) of singly labeled Ac-P, thus providing direct evidence of the involvement of the PKP reaction in the metabolism of both the Gluc:Arab and the Xyl:Arab mixtures (Fig. 6A and B) . We note that, during growth on the pentose mixture, routing of the assimilated pentoses toward glycolysis via only PPP would produce both singly and doubly 13 C-labeled forms of triose-phosphates in addition to nonlabeled forms (Fig. 6B) , but fluxes through PKP would result in an increased amount of nonlabeled forms of triose phosphates. Consistent with fluxes through PKP, the measured labeling patterns showed that the nonlabeled forms of FBP and triose-phosphates were more than twice those of pentose-phosphates and G6P (Fig. 6B) . Thus, our metabolomics and labeling data confirm selective utilization of Arab over Xyl from sugar mixtures with subsequent catabolism via the PKP. The relative Legend for x axis: unlabeled glucose, G; unlabeled xylose, X; unlabeled arabinose, A; labeled glucose, G*; labeled xylose, X*; labeled arabinose, A*. Legend for metabolite names: glucose-6-phosphate, G6P; fructose-1,6-bisphosphate, FBP; dihydroxyacetone-phosphate, DHAP; glyceraldehyde-3-phosphate, GAP; xylulose-5-phosphate, Xu5P; ribose-5-phosphate, R5P; sedoheptulose-7-phosphate, S7P; 3-phosphoglycerate, 3-PG. The data (averages Ϯ standard deviations) were from biological replicates (n ϭ 3). metabolic fluxes through PKP and PPP/glycolysis in mixed-sugar metabolism have, however, not yet been quantified.
Quantitative metabolic flux analysis. It is challenging to understand the fluxes of metabolic pathways only by visual examination of labeling data, especially due to the reversibility of the reactions in PPP. In order to explore quantitatively the apparent hierarchical metabolism of the different sugars, we employed a metabolic network model to analyze the metabolic flux through PPP, PKP, and glycolysis (Fig. 7A) . In a previous analysis of the involvement of PKP during Xyl metabolism in C. acetobutylicum, only one of the PK reactions involving the conversion of Xu5P to Ac-P and GAP was included (Fig. 7A) (35) . We examine here also the other PK reaction, which converts F6P to Ac-P and E4P (Fig.  7A) (5) . In order to determine the relative importance of the two PK reactions in the PKP, we performed our MFA analysis in the absence and presence of both PK reactions as well as in the presence of only one of them at a time; Fig. 7B reports the overall deviation of the model estimates from the measured labeling patterns. The model could not adequately fit the experimental labeling data when both PKP reactions were excluded, with either reaction generally sufficient to fit the observed data except in the cases of the Gluc:Arab mixture, in which the phosphoketolase 1 (PK1) reaction was necessary, and of the Gluc:Xyl mixture, in which the phosphoketolase 2 (PK2) reaction was necessary ( Fig.  7B ; see also Fig. S3 and S4 in the supplemental material). Therefore, we included both PK1 and PK2 reactions in the model network for the estimation of the quantitative fluxes of sugar metabolism for all growth conditions (Fig. 7C, D, and E) .
The estimated uptake rates of the quantitative flux analysis agree well with the measured uptake rates (Fig. 7C) . During growth on Gluc, Gluc:Xyl, and Gluc:Arab, the fluxes through upper glycolytic reactions (glucose-6-phosphate isomerase [ [where g CDW is the cell dry weight in grams]) because they were driven mostly by the uptake rate of Gluc (Fig. 7C and D) . Expectedly, the flux through glyceraldehyse-3-phosphate dehydrogenase (GAPDH) equated the sum of the fluxes through FBA and TPI. The very low fluxes (on average, less than 0. (Fig. 7D and E) . In terms of the role of PKP, comparable low fluxes (about 0.1 to 0.9 mmol g CDW Ϫ1 h Ϫ1 ) of both PK1 and PK2 were estimated during growth on Gluc and Gluc:Xyl, but the metabolism of Gluc:Arab resulted in a PK1 flux and a PK2 flux of up to 3.8 mmol g CDW Ϫ1 h Ϫ1 each (Fig. 7E) . The relatively higher PK fluxes during the metabolism of Gluc:Arab is consistent with the higher unlabeled fraction observed for 3-PG in the presence of labeled Gluc:unlabeled Arab than in the presence of labeled Gluc:unlabeled Xyl (Fig. 6A) .
In contrast to the Gluc:pentose mixtures, fluxes through upper glycolysis were much less (about 2.6 mmol g CDW Ϫ1 h Ϫ1 or less) during growth on Xyl:Arab, consistent with the requirement that fluxes through lower glycolysis and PKP be fed primarily from PPP under this growth condition (Fig. 7D) . The higher flux of GAP to 3-PG via GAPDH than the sum of FBA and TPI reflects the PK1 reaction flux contribution during growth on the pentose mixture (Fig. 7D) , with the model fit predicting significant fluxes via both PK1 and PK2, with the former being more than twice the value of the latter (on average, 9.8 mmol g CDW Ϫ1 h Ϫ1 and 2.6 mmol g CDW Ϫ1 h Ϫ1 , respectively) (Fig. 7E) . Based on the flux out of Ac-P (which may flow to either acetate or acetyl-CoA) in the flux Legend for x axis: unlabeled xylose, X; unlabeled arabinose, A; labeled xylose, X*; labeled arabinose, A*. Legend for metabolite names: glucose-6-phosphate, G6P; fructose-1,6-bisphosphate, FBP; dihydroxyacetone-phosphate, DHAP; glyceraldehyde-3-phosphate, GAP; xylulose-5-phosphate, Xu5P; ribose-5-phosphate, R5P; sedoheptulose-7-phosphate, S7P; 3-phosphoglycerate, 3-PG. The data (averages Ϯ standard deviations) were from biological replicates (n ϭ 3).
FIG 5
Unsupervised hierarchical clustering of the intracellular metabolome (A) and intracellular levels of pentose phosphate pathway (PPP) and phosphoketolase pathway (PKP) metabolites (B) and glycolytic metabolites (C) obtained during exponential growth of C. acetobutylicum on glucose (G), glucose:xylose (G:X), glucose:arabinose (G:A), and xylose:arabinose (X:A). In panel A, amounts are shown relative to levels in cells grown on glucose alone; columns 1, 2, and 3 represent results from three experiments involving different starting colonies of C. acetobutylicum and different days of analysis. For each column, results are averages from three biological replicates grown in parallel from the same starting colony. In panels B and C, intensity levels are from liquid chromatography-mass spectrometry measurements (averaged values Ϯ standard deviations) from three biological replicates from one starting colony; the data for the other two starting colonies are shown in Fig. S6 in the supplemental material (comparison of raw mass spectrometry intensity values across starting colonies is inappropriate due to day-to-day drift in mass spectrometer detector response factor). Two-tailed unpaired t test analysis comparing the intensity levels measured during growth on the mixtures versus growth on Gluc alone (bottom statistics) and comparing intensity levels during growth on the pentose mixture versus the glucose:pentose mixtures (upper statistics): ***, P Ͻ 0.001; **, P Ͻ 0.01; *, P Ͻ 0.05; ns, not statistically significant. . The carbon mapping with black arrows is focused on the catabolism of the major isotopomer forms through the primary metabolic reactions of PKP, PPP, and glycolysis. The broken-lined gray arrows indicate the formation of minor isotopologue forms. The blue and orange arrows indicate the formation of acetyl-phosphate via phosphoketolase reaction and lower glycolysis, respectively. Legend for metabolite names: glucose-6-phosphate, G6P; fructose-6-phosphate, F6P; fructose-1,6-bisphosphate, FBP; dihydroxyacetone-phosphate, DHAP; glyceraldehyde-3-phosphate, GAP; xylulose-5-phosphate, Xu5P; ribose-5-phosphate, R5P; sedoheptulose-7-phosphate, S7P; 3-phosphoglycerate, 3-PG; acetyl-phosphate, Ac-P; and acetyl-coenzyme A (Ac-CoA). The measured data (averages Ϯ standard deviations) were from biological replicates (n ϭ 3). model (Fig. 7A) , we estimated that the total PKP flux was, on average, 2.0%, 4.7%, 22.1%, and 79.1% of the total influx of carbon consumption from Gluc, Gluc:Xyl, Gluc:Arab, and Xy:Arab, respectively. Our MFA thus revealed that, in the mixtures, PKP activity was minimal in the presence of Gluc but contributed significantly to the catabolism of pentoses when Gluc was absent and especially in the presence of Arab. In essence, the glycolytic fluxes are replaced largely by PKP fluxes in the absence of Gluc. Liu et al. (13) reported that Xyl catabolic flux through the PKP in C. acetobutylicum increases with increasing Xyl concentration. Our data indicated that the PKP flux increased with pentose uptake from the Gluc:pentose mixtures, with Arab both more preferred as a C source and more strongly inducing PKP flux than Xyl.
Implications for acid and solvent production. Our results thus far indicate that Arab is critical to inducing phosphoketolase enzyme and flux. Increased flux via PKP has been implicated in increasing acetate production during growth on Arab alone, and the expression of the phosphoketolase enzyme was highly induced in the presence of Arab alone, compared to Gluc or Xyl alone (5) . In order to examine the consequence of the hierarchical metabolism of sugar mixtures on acidogenesis and solventogenesis, we measured the extracellular amount of the acids (acetate and bu-
FIG 7
Model metabolic network (A), model improvements following incorporation of both or one of the phosphoketolase reactions relative to the absence of these reactions (B), and fluxes estimated for uptake rate (C), reactions in glycolysis (D), and reactions in pentose phosphate and phosphoketolase pathways (E) during C. acetobutylicum growth on glucose (G), glucose:xylose (G:X), glucose:arabinose (G:A), and xylose:arabinose (X:A). In panel A, solid and dotted thin black arrows represent forward and backward directions of the metabolic reactions, respectively; gray and black thick arrows represent uptake steps and excretion steps, respectively. In panel B, the model improvements were determined from the variance-weighted sum of residuals following the metabolic flux modeling with only PK1 (green), only PK2 (orange), and both PK1 and PK2 (purple); the absolute values for each condition are shown in Fig. S7 in the supplemental material. In panel C, the measured fluxes (averages Ϯ standard deviations) are shown as data points with error bars. In panels C to E, the estimated fluxes from the modeled metabolic network, including both PK reactions, are shown as box plots wherein the bars represent the mean values and the height of the box indicates the span of the 95% confidence intervals. Legend for enzymes: glucose-6-phosphate isomerase, pgi; phosphofructokinase, pfk; ribulose-5-phosphate-3-epimerase, rpe; transketolase 1, tk1; transketolase 2, tk2; transaldolase, tal; phosphoketolase, pk1; phosphoketolase 2, pk2; fructose-bisphosphate aldolase, fba; triphosphate isomerase, tpi; glyceraldehyde-3-phosphate dehydrogenase, gapdh. tyrate) and solvents (butanol, ethanol, and acetone) secreted by C. acetobutylicum in response to the different sugar growth conditions. Consistent with Gluc being the dominant sugar consumed in the Gluc:pentose mixtures, the amounts of acids and solvents produced during growth on Gluc:Xyl or on Gluc:Arab (from an initial concentration of 660 mmol C liter Ϫ1 at 50:50 Gluc:pentose) were similar to the amounts produced from Gluc alone (with initial concentration of 330 mmol C liter Ϫ1 ) (Fig. 8A , B, and C). These results are consistent with a lack of efficient metabolism of the pentose sugar, to yield an additive production of acids and solvents. In contrast to growth on Gluc and Gluc:pentose mixtures, growth on Xyl:Arab yielded significantly more acids and also more acetone in the extracellular medium (Fig. 8) . Specifically, there was a 3-fold increase in acetate production (which is readily explained based on the PKP flux) and more than two times more acetone generated [perhaps as a redox-neutral means of disposing of acetyl-CoA; unlike ethanol, acetone excretion does not require NAD(P)H] (Fig. 1B and 8D ).
Our findings demonstrate that hexose and pentose sugars have different metabolic fates when C. acetobutylicum is grown on both types of sugars. Hexoses dominate glycolysis and support glycolytically derived acidogenesis and solventogenesis, whereas pentoses accumulate in PPP, presumably to feed ribonucleotide synthesis, and also supply carbon to the PKP toward increasing acetate production. In addition to carbon catabolite repression (15, 16) , hierarchical metabolism may be a common strategy in bacteria in an effort to adapt to different nutritional environments (30) . For instance, cocatabolism of carbon substrates in Mycobacterium tuberculosis, a pathogenic aerobic bacterium, exhibited a hierarchical metabolic fate that optimizes carbon utilization for bacterial growth (30) . The involvement of PKP in C. acetobutylicum provides a nonoxidative pathway which can yield greater carbon conservation from F6P and Xu5P to acetyl-CoA by bypassing the one-carbon loss during the conversion of pyruvate to acetyl-CoA (42) (Fig. 1B) . Increased expression of PKP-involved enzymes may be a potential bioengineering avenue to enhance pentose catabolism from Gluc:pentose mixtures in soil Clostridia. To make a practical bioengineering contribution, however, it will be necessary to avoid loss of the Ac-P generated by the PKP as acetate and instead direct it into acetyl-CoA and thus production of solvents or other more valuable products.
